and spectrofluorometric 7 techniques have also been extensively used for the determination of these analytes. The spectroscopic determination is usually preceded by a reaction with different reagents; independently of the reagent, however, it is difficult to differentiate analytes in mixtures because of the strong spectral overlap when they react with organic ligands.
Flow injection analysis (FIA) 8 and sequential injection analysis (SIA) 9 have played important roles in the automation of the determination of metals. In recent years, flow injection (FI) has been used in combination with solid phase spectrometry (SPS). These systems are called flow-through sensors. 10 Beads made of different materials have become useful in these systems as surface media for retaining reagents/catalysts/analytes/reacting products, placed in the detection zone of a non destructive spectroscopy detector. [11] [12] [13] [14] [15] [16] When the species sorbed on the solid beads cannot be appropriately eluted from them to be reused in successive measurements, bead injection spectroscopy (BIS) 17, 18 methodology can be used. Beads are injected in the flow system and then the measurement is performed in the same way as a spectroscopy flow-through sensor. After the measurement, the beads are discarded and a new measurement cycle is performed. This methodology was first introduced for use with sequential injection analysis (SIA), 19 the beads being trapped within a specially designed cell, the "jet ring cell", 20 where the liquid escapes radially through a circular gap narrower than the diameter of the beads. Nevertheless, this methodology can also work with flow injection analysis (FIA) 21, 22 by using commercial spectrophotometric flow cells in a similar way. 23 We demonstrate that these flow cells (Hellma 138-OS) can be used instead of a jet ring cell, allowing the development of BIS-FIA sensors.
In this paper we propose a cheap, simple and sensitive spectrophotometric biparameter sensor for the determination of mixtures of Cu(II) and Zn(II) based on the sequential retention and reaction of the analytes on an active solid surface with the reagent previously retained. Zincon (2-carboxyl-2-hydroxy-5-sulfoformazylbenzene) has been chosen as the chromogenic reagent. The reaction with Zincon has been extensively used for the determination of metals (Zn(II), Cu(II), Ni(II), Co(II)) [24] [25] [26] because of the formation of water-soluble complexes. By using two alternate carriers at two different pH values, one can determine Cu(II) directly and Zn(II) by difference. The strong retention of both metal complexes when they reach the solid surface does not allow the appropriate regeneration of the sensing surface. So, the renovation of the solid sensing surface is necessary, and this can be accomplished by using the new methodology called bead injection spectroscopy. The sensor has been applied successfully to the determination of Cu(II) and Zn(II) in different types of water, pharmaceutical preparations, soils and human hair.
This sensible analytical technique as an alternative to conventional techniques shows a potential to be used in the detection of metals in the environmental, clinical and agricultural fields. It is the first time that a mixture of analytes has been resolved using a BIS-FIA sensor with spectrophotometric detection in a commercially available flowcell. New assays being carried out now in our laboratory offer exciting new developments.
Experimental

Chemicals
All experiments were performed with reagents of analyticalreagent grade, pure solvents and deionized water.
Standard Cu(II) and Zn(II) solutions (1000 µg ml -1 ) were prepared by dissolution of the appropriate amount of CuSO4·5H2O (Panreac, Barcelona, Spain) and ZnSO4·H2O (Fluka, Buchs, Switzerlands), respectively, in deionized water. The chromogenic reagent was Zincon (2-carboxyl-2-hydroxy-5-sulfoformazylbenzene monosodium salt) (Aldrich, Madrid, Spain). Working solutions were daily prepared by appropriate dilution of the stock solutions with deionized water. All solutions were stable for more than one month when they were protected from sunlight and kept at about 5˚C in a refrigerator.
Sephadex QAE A-25 anion exchanger gel (40 -120 µm, capacity: 3.1 meq/g) (Aldrich) was used as beads. Other supports tested were Sephadex DEAE A-25 and Dowex 1 X-8.
The carrier solutions used in the FIA experiments consisted of: a) Carrier A (CA): Deionized water, used as carrier solution for the determination of Cu(II) (pH = 5.9). b) Carrier B (CB): 1.0 × 10 -3 M NaOH solution, used as carrier for obtaining the analytical signal from Cu(II) + Zn(II). A 2 M HCl solution was used as eluent.
Apparatus
A chromatographic column (i.d., 16 mm, l, 30 cm) was used in order to obtain a homogeneous aqueous suspension of beads (Sephadex QAE A-25) by purging air gently through it. This system was required for injection of a constant amount of ion exchange gel. Three four-channel Gilson Minipuls-3 peristaltic pumps with rate selectors were used to generate the flow stream and to discharge the beads.
Five variable-volume Rheodyne Model 5041 rotary valves with a single tube loop were used ( Fig. 1 ): V1 for beads injection, V2 for sample injection, V3 for eluent injection, V4 for selection of the carrier solution, and the last one V5 for bead discharge by flushing them out of the cell. Teflon tubing of 0.8 mm i.d. was used in all cases.
Spectra and real-time data acquisition of flow injection peaks were made with a Lambda 2-UV-VIS spectrophotometer (Perkin Elmer, Bucks, England) which was interfaced to a compatible PC running Perkin Elmer Computerized Spectroscopy Software (PECSS V 4.1). The spectrophotometric detector was equipped with a Hellma 138-OS flow cell with an optical path length of 1 mm and an inner volume of 50 µl, to accommodate the resin beads. The cell was blocked with glass wool in the outlet.
A Selecta (Barcelona, Spain) Ultrasonic bath and a digital Crison Model 2002 pH-meter fitted with a glass/saturated calomel combination electrode were also used.
Procedure
A schematic diagram of the flow analysis system is shown in Fig. 1 . The procedure can be explained following these steps:
(1) An exact volume of the bead suspension with immobilized Zincon on the surface was injected and loaded into the flow cell. In the chromatography column, initially, 1 g of beads (Sephadex QAE A-25) was added to 30 ml of a solution of Zincon. The chromogenic reagent was strongly retained on the beads and the mixture was maintained continuously as a homogenized suspension by purging air. A 300-µl volume of this bead suspension was aspirated and transported to the flow-cell by pumping through the injection valve V1 (P1 -3 work simultaneously at a flow rate of 1.43 ml min -1 ). Beads were trapped in the cell, perfused with the carrier stream CA and the signal was monitored, obtaining good reproducibility. When beads were packed in the cell, the absorbance was adjusted to zero by the spectrophotometer.
(2) Next, a sample solution (1000 µl) containing 0.1 -1.0 µg ml -1 of Cu(II) and 0.5 -1.8 µg ml -1 of Zn(II) was injected (V2) into the carrier solution CA (deionized water). When both analytes reached the flow cell, only Cu(II) reacted with the immobilized Zincon and was retained on the beads, developing the analytical signal.
The peak height absorbance was measured, AI; this value corresponded to only Cu(II)-Zincon absorbance.
(3) Then, a solution of 2 M HCl was injected (600 µl) by means of the injection valve V3 to decompose the complex.
(4) By rotating the selecting valve V4 one could change the carrier solution (CB: 1.0 × 10 -3 M NaOH solution); with the baseline restored, the analytes were again injected in a second time (V2), reaching again the bead surface. Now, Cu(II) and Zn(II) reacted with Zincon on the beads, developing the analytical signal. The absorbance measured, AII, corresponded to the absorbance of Cu(II) complex plus Zn(II) complex.
(5) A 600-µl volume of eluent was again injected to decompose both complexes. After three analyses, the sensing bead surface was not regenerated. Peristaltic pumps P1 and 2 were switched off and pump P3 used in flow reversal, increasing the flow-through to 2.25 ml min -1 . So, the cell was quickly emptied and beads were automatically discarded from the flow cell at the end of the assay cycle through valve V5.
A series of standard solutions containing Cu(II) and Zn(II) were prepared and injected into the carrier stream. The calibration equations obtained under these conditions were (concentrations expresed as µg ml -1 ):
where ACu is the absorbance corresponding to the fixation and reaction with Zincon of Cu(II) at pH 5.9 (deionized water), and
Here AZn and A′Cu are the absorbance values corresponding to the fixation and reaction of Zn(II) and Cu(II) with Zincon at pH 11, respectively, which are expressed as follows (these equations were obtained by individual runs for the individual components):
Cu(II) concentration is determined directly from the absorbance obtained for the fixation of the sample at pH 5.9 (deionized water), AI = ACu (Eq. (1)); then, this concentration is substituted in the calibration graph corresponding to the fixation of Cu(II) at pH 11 (Eq. (4)), so obtaining A′Cu; consecutively, AZn can be obtained by substituting A′Cu in Eq. (2) and, finally Zn(II) concentration is indirectly calculated from Eq. (3).
All samples were analyzed three times. A fiagram obtained with this procedure is shown in Fig. 2 .
Treatment of samples
Waters. Tap water and river water, kept at 5˚C, were filtered through a 0.45 µm Millipore membrane filter and the analyzes were performed with the least possible delay. Pharmaceuticals. The pharmaceuticals analyzed were:
(1) "Avril" cream (per gram: aluminium acetotartrate 2.5 mg, benzalconium chloride 1 mg, codfish liver oil 70 mg, zinc oxide 200 mg, Ltd. Labaz). The sample was fired at 450˚C for 4 h into a quartz crucible. The ash residue was dissolved with 5 ml of 1 M HCl solution. The solution was filtered through a 0.45 µm pore size Millipore membrane filter and conveniently diluted.
(2) "Acnosan" (per liter: alcanfor 12.80 g, undecilenic acid 8.75 g, boric acid 6.45 g, resorcin 1.94 g, salicylic acid 1.2 g, zinc sulfate 0.13 g, copper sulfate 0.13 g, Ltd. R. Bescansa). Two milliliters of the sample were appropriately diluted with deionized water. Human hair. The sample was first washed with detergent and then oven-dried with a forced-draft for 24 h at 60˚C. A suitable weight of sample (3 -5 g) was treated successively with 3 ml of H2SO4 and about 30 ml of HNO3 until boiling. Finally, about 25 ml of 33% H2O2 solution were added in small volumes until the solution turned colorless and then it was heated nearly to dryness. The final residue was transferred to a 25 ml standard flask and diluted to volume with deionized water. Soil. Each sample (1 -3 g) was placed into a beaker and digested for 6 h at 90˚C with concentrated HCl:HNO3 (3:1) mixture (7.5 ml of HCl and 2.5 ml of HNO3, per gram of sample). Finally, the residue was taken up with water, neutralized with NaOH and appropriate dilutions were made.
Results and Discussion
Absorption spectra and volume of bead suspension
Zincon reacts with Cu(II) and Zn(II) to form stable blue complexes. The absorbance spectra of these complexes in aqueous solution at pH 11 exhibit a single sharp peak with a maximum at 624 for Cu(II) and at 636 nm for Zn(II). Under the same conditions and with the same flow cell (pH = 11), the spectra of the complexes retained on an anionic exchange bead showed the maximum absorbance at 627 and 646 nm for Cu(II) and Zn(II), respectively. The changes of the absorbance spectrum for both compounds can be attributed to the modification of the surrounding environment of the analytes in the solid phase with respect to the solution. The wavelength chosen for the development of the sensor was 627 nm, corresponding to the optimum wavelength of complex Cu-Zincon on the solid support, as the sensitivity for Cu(II) was lower than for Zn(II).
Different anionic exchange bead types (Sephadex QAE A-25, Sephadex DEAE A-25 and Dowex 1 X-8) were tested due to the anionic nature of Zincon. Sephadex QAE A-25 was found to be the most appropriate, due to its high retention capacity of Zincon.
The sorption of both complexes on Sephadex QAE A-25 beads for a sample volume of 1000 µl resulted in a signal approximately 9 times higher than that obtained by using a conventional flow injection system in the same flow cell and under the same working conditions (at pH 11), as a consequence of the preconcentration on the active solid support in the detection area itself of the spectrophotometer.
To introduce reproducible amounts of sensing beads in the 1081 ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 cell, one needs both homogeneity of bead suspension and homogeneity of beads. This homogeneity of bead suspension and the sorption of Zincon on them could be easily obtained by purging air through the suspension placed in a column. When 1.0 g of Sephadex QAE A-25 beads were added to 30 ml of 3.2 × 10 -4 mol l -1 Zincon solution in the column and the mixture was homogenized as stated above, reproducible amounts could be injected in the cell. On the other hand, if the beads are different in size, they may be packed in the cell in different ways, and the amount of metal exchanged could be different, but beads from Sephadex QAE A-25 show satisfactory uniformity.
The volume of bead suspension injected to fill the cell was optimized by varying between 100 and 500 µl. Below 300 µl, beads injected did not cover completely the whole flow-through irradiated zone of the detection unit, so a small zone of beads was irradiated. Beyond 300 µl, the absorbance started to decrease due to the dispersion of the analyte on sensitive beads. Therefore, 300 µl of homogenized suspension of beads (Sephadex QAE A-25) was chosen as an appropriate volume for the following experiments.
Nature and concentration of the carrier and pH of the sample
The effect of the pH value of the carrier solution on absorbance was investigated by adjusting the solutions with NaOH or HCl solutions in the range 1 -13 (Fig. 3) .
As can be seen, if the pH value is maintained between 1 and 10, only Cu(II) reacts with Zincon, so only Cu(II) could be determined, whereas in the range 11 -13 both analytes form complexes and develop signals. In the range 4 -7, the pH value had very little influence on the signal of the complex CuZincon. At these pH values, different buffer solutions (citric acid/citrate, acetic acid/acetate) were tested, obtaining the same results as obtained using deionized water. This last solution, deionized water, was used as carrier (CA) for determination of Cu(II) (pH = 5.9). The pH of the second carrier solution was fixed at 11 (NaOH 1.0 × 10 -3 M) for the determination of Cu(II) and Zn(II), because it was the optimum pH for the formation of the complex Zn-Zincon. With both carrier solutions, the fixation of analytes on the beads was so quick and strong that the beads area with the retained analyte remained above the irradiated zone. For this reason, an electrolyte (NaCl) was added directly to the sample solutions for displacement of the analyte to the zone of the beads which was irradiated. Various concentration levels of NaCl were tested, obtaining satisfactory results with a concentration of 0.10 mol l -1 . Therefore, it is possible to determine sequentially these two metals by operating at two appropriately selected pH values: at pH 5.9 (deionized water), only Cu(II) reacts with Zincon immobilized on beads, and at pH 11, both complexes (Cu(II) and Zn(II)) are formed. They were the two working pH values chosen.
Several acid solutions were tested as eluting agents to decompose the complexes in order to regenerate the sensing material after measuring. Best results were obtained by using HCl. The influence of its concentration was studied by varying it from 0.2 M to 4 M. The elution was complete by injecting 600 µl of 2 M HCl solution, so this concentration was chosen as optimum. After three analyses the performances of the solid support were deteriorated due to the high ionic strength of the eluent solution which compacts the solid material while this solution passes through it, so lowering the reproducibility of the following measurements. Moreover, the baseline decreases (around 20%) as Zincon is partially eluted and this also contributes to increase variability in the measurements. Therefore, as the addition of Zincon to carrier solutions did not improve the low reproducibility, beads were automatically discarded from the flow cell after three determinations and a new injection of solid support was performed, thus renovating the sensing surface.
The influence of sample pH was examined in the range between 1 and 12. The sample pH values between 4 -7 did not influence the analytical signal, for Cu(II) and Zn(II), so there is no need to adjust the sample pH in this range for water analysis. Below pH 3 and beyond pH 8, a decreasing in the analytical signals of Cu(II) and Zn(II) is observed. In the case of human hair and soil analysis, it was necessary to adjust the sample pH in the range 4 -7 due to the strong acid medium used to digest these samples.
Concentration of reagent
The influence of concentration of Zincon was studied by injecting 1000 µl of 1 µg ml -1 Cu(II) and 1 µg ml -1 Zn(II) sample solution and increasing the reagent concentration fixed on the injected beads. This concentration must be enough for allowing the total reaction of the analytes. Zincon concentration was tested in the range 1.1 × 10 -5 -4.3 × 10 -4 mol l -1 , always using 1.0 g of beads and 30 ml of Zincon solution. The analytical signal increased up to a Zincon concentration of 3.2 × 10 -4 mol l -1 ; higher concentrations did not increase the signal significantly. Therefore a Zincon concentration of 3.2 × 10 -4 mol l -1 was used in all experiments.
FIA variables
The effects of the flow rate and the sample volume were studied. Flow rate regulates the amount of material that passes through the flow-cell. The effect of the flow-rate was investigated by injecting the same concentration and volume of sample solution at different flow-rates. Increasing flow rates resulted in decreasing peak heights and residence times for both analytes, which indicated that the kinetic processes of diffusionretention of analytes in the solid support were not instantaneous. The flow rate was studied in the range 0.8 -1.6 ml min -1 . Beyond 1.6 ml min -1 , overpressure problems occurred in the system. A flow rate of 1.43 ml min -1 was adopted as a compromise between sensitivity and throughput (working simultaneously with three peristaltic pumps).
For the elimination of the beads from the flow cell, the reversed flow rate was increased to 2.25 ml min -1 . It is known that one of the main advantages of BI-FIA is that the peak heights increase with increasing size of the sample loop used, due to a higher amount of the analytes being retained on the beads in the detection area, involving an increase in sensitivity. The use of different sample volumes makes it 1082 ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 . V = 1000 µl.
possible to adapt the sensor to a wide concentration range. The sample volume injected was studied between 40 and 2500 µl of concentration with 1 µg ml -1 of metals. The absorbance increased linearly with the sample volume up to a volume of 2000 µl for the fixation of Cu(II) and Zn(II) at pH 11, and up to 1000 µl for the fixation of Cu(II) in deionized water. The volume chosen in order to calibrate the system for Cu(II) and Zn(II) determination was 1000 µl.
Analytical parameters
Individual calibration lines for each analyte were run under the optimum conditions. The data were fitted by standard leastsquares treatment and the calibration equations and the figures of merit of the proposed method using a sample volume of 1000 µl are shown in Table 1 .
The reproducibility was established for ten independent analyses of sample solutions (1000 µl) containing 1 µg ml -1 of Cu(II) and 1 µg ml -1 of Zn(II). The detection limit was estimated according to IUPAC recommendations as the concentration of analyte producing an analytical signal equal to three times the standard deviation of the blank signal. 27 The quantification 28 limits (K = 10), and the sampling frequencies when they are separately determined were also evaluated.
Effect of foreign species
This study was carried out by using a 1000 µl sample injection loop of different solutions containing 1 µg ml -1 of analyte and various amounts of foreign ions. The tolerance level was considered to be the concentration of foreign ion giving a relative error in absorbance value of ±3%. If interference occurred, the ratio foreign ions: metal (w:w) was progressively reduced until this interference ceased. The maximum analyte:foreign assayed species was 1:400. Table 2 lists the tolerance level to the species studied.
As can be seen, the sensor shows a good tolerance to most of the tested ions. These results show that the proposed method is highly selective. This effect is mainly due to the retention of the analyte by the beads and its consequent separation from the matrix. It is necessary to point out that the tolerance to these metals (which are very serious interferences in conventional spectrophotometry) is very high in some cases, so allowing the determination of Cu(II) and Zn(II) in the presence of amounts of these ions much higher than those found in analytical applications. Some of the most serious interferents were Co, Ni and Al at pH = 11 as at this pH value they also are fixed on the beads due to their reaction with Zincon. Nevertheless, their interference in the determination of Cu can be avoided by working at pH 5.9.
Applications
In order to check the utility of the proposed method we applied it successfully to the sequential determination of Cu(II) and Zn(II) in different types of water and pharmaceutical preparations, and to the determination of Cu(II) in soils and Zn(II) in pharmaceuticals and human hair.
All applications were performed using 1000 µl of sample volume. After treatment and suitable dilution to fit the concentration of the analyte within the linear calibration range, the samples were injected in triplicate.
To check the accuracy of the proposed method, we carried out a recovery study on different samples of river and tap water that were spiked with analytes at three levels of concentration. Table 3 shows results achieved in such analyses. The results showed average values between 94 and 105%, with relative standard deviations of lower than 6% in all cases.
In case of samples of human hair, pharmaceuticals and soil, the concentration of Cu(II) and Zn(II) was evaluated using ICP-MS as reference method. If a matrix effect was observed, a standard addition was performed. The statistical study of precision and accuracy of both methods was evaluated from Fcriterion and the t-test, respectively. 29 The results obtained in every case are in excellent agreement and are given in Table 4 .
Conclusions
A bead injection spectroscopic flow-through renewable surface sensor is proposed as an alternative to reusable flow-through sensors for the resolution of biparametric mixtures. The goal of the present paper is to develop the first BIS-FIA system with spectrophotometric detection, using a commercial flow cell, which would allow the determination of more than one analyte by integrating on-line reaction, retention and detection on the solid phase disposable beads. The sequential formation of the Cu(II) and Zn(II) complexes with Zincon on bead sensing support is the basis of the new sensitive, cheap and simple sensor proposed for the determination of these two analytes. In order to regenerate this sensing support, one has to use a strong acid solution to decompose the complexes, so deteriorating the analytical performances of the ion exchange beads after successive measurements. Therefore, beads are automatically discarded from the system by reversing the flow. In this way, the proposed spectroscopic sensor combines the regeneration of the sensing zone (successive determination of Cu(II) and Zn(II) are performed on the same sensing beads) with the renovation of the sensing bead surface after three analyses (six determinations). This biparameter sensor involves the principle of flow through optosensors which use regeneration of the sensing zone (reusable sensors) with the principle of BIS-FIA sensors which use renovation of the sensing surface. ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 
